was tested by replacing the CSL-binding sites in the
Dynamics of Notch-Ligand Interactions
There are two opposite extremes to the organization of promoter from a Notch target gene with GAL4 UAS sites. The resulting reporter gene was transactivated in emNotch/LIN-12 signaling. At one extreme, the ligand and receptor are expressed in complementary cell populabryos expressing the Notch-GAL4 fusion, demonstrating that a fragment containing GAL4 must have reached tions. This occurs for example during germ cell production in C. elegans, where the ligand LAG-2 is expressed the nucleus. Reporter gene activation was not observed in the absence of the ligand Delta, supporting the model exclusively in the distal-tip cell, and the receptor GLP-1 is present in the adjacent cells (Kimble and Simpson, that processing and nuclear translocation of NICD is part of the normal signaling process. 1997). In the other extreme, both ligand and receptor are expressed together in a group of cells with equivalent Were the skeptics converted to the processing model of Notch activation? In a field that is very tied to visual potential. It has been proposed, based partly on the development of neural precursors in Drosophila, that a data "seeing is believing." So the inability to detect NICD in the nucleus in vivo during signaling remains a stumsmall stochastic fluctuation in Notch signaling between equivalent cells will be able to initiate the selection of bling block. Thus, although NICD can be seen by antibody staining in the nucleus of some human cells (Aha single cell from within the group (Seydoux and Greenwald, 1989; Heitzler and Simpson, 1991; Wilkinson mad et al., 1995) , and in transfected haemopoietic cells (Laurie Milner, Fred Hutchinson Cancer Center, Seattle), et al., 1994 ). This initial fluctuation must then be reinforced by a feedback loop to down-regulate ligand exit has yet to be detected in the nucleus of cells in the developing organism. This may not be surprising if only pression in the cell which initially has slightly more Notch activation ( Figure 2A The expression of three Delta-like genes during precursor selection in zebrafish suggests further potential reNotch, the phenotypic data suggest either that there are additional Kuzbanian-like proteases in Drosophila finement; the different levels of the three transcripts indicate that the individual genes could vary in their or that there is another pathway for Notch activation.
The definitive experiments to test the processing model sensitivity to the feedback regulation (Julian Lewis, ICRF, London). However, the transcriptional feedback will be to mutate the cleavage sites in the context of an intact molecule in vivo, to see whether this abolishes loop may not be the whole story as both Michael Caudy (Cornell Medical College, New York) and Jim Posakony some or all Notch activity-rumor has it these experiments are already underway.
(UCSD) proposed that posttranscriptional mechanisms interchangeable for many purposes, some examples of intrinsic specificity are emerging. For example, differential effects have been observed when cultured myoblasts expressing Notch2 are exposed to Delta1 or Jagged1. The basis for these differences seems to reside in the Jagged cysteine-rich domain since a chimeric Delta1 containing the Jagged cysteine-rich domain behaves like the native Jagged1 (Gerry Weinmaster, UCLA). A further mechanism that could modulate Notch signaling derives from the observation, initially based on genetic studies, that there can be negative as well as positive interactions between Notch and DSL ligands. There is now further evidence supporting the existence of antagonistic interactions from ectopic expression studies in Drosophila and in Xenopus (Marc Muskavitch, Indiana University; Thomas Klein, University of Cambridge; Jose de Celis, University of Cambridge; Domingos Henrique, Faculdade de Medicina de Lisboa; Chris Kintner, Salk Institute; Sarah Bray, University of Cambridge) since the phenotypes produced by overexpressing the ligands are not the same as those produced by NICD and can often resemble loss-of-function phenotypes. Furthermore, target gene expression is often re- also Doherty et al., 1996) . The mechanism underlying effect on Notch.
the dominant-negative interaction is unknown but may ther and to evaluating their significance during normal signaling. For example, the cis-interactions could proare also important for the selection of neural precursors vide an important mechanism for biasing Notch signalin Drosophila.
ing since a cell that accumulated more ligand would a In many processes, operation of the Notch pathway priori become less able to receive a signal ( Figure 2C ). falls somewhere between the two extremes; that is, there is a bias to the signaling. One way that bias can be generated is through factors that modulate the levels Changing the Face of Notch Signaling Some of the more animated discussions at the meeting of ligand expression. Pat Simpson (IGBCM, Strasbourg) reported that the stereotyped choice of certain sensory concerned the CADASIL mutations in human Notch3 and the Abruptex mutations in Drosophila Notch. The precursors in Drosophila involves the expression of a GATA factor, Pannier, in a longitudinal stripe in the epiformer are associated with adult symptoms of stroke and dementia, and the latter cause overgrowth of larval thelium. Pannier causes a local elevation of proneural gene transcription that in turn is likely to influence Delta tissues and a variety of adult phenotypes in Drosophila. Both classes of mutation are genetically dominant, and expression and thus bias Notch signaling ( Figure 2B) . Similarly, activation of the EGF receptor pathway proboth involve missense mutations in EGF repeats. How might these mutations be modifying the signaling ability motes expression of Delta at specific locations during wing vein development (Marc Muskavitch, Indiana Uniof Notch? One possibility discussed was that the mutations alter the overall conformation of the extracellular versity). Another way to generate bias is through the deployment of different ligands that vary in their capacity domain, for example making it more accessible to proteolysis. A second was that the affected repeats are sites to activate Notch, either intrinsically or due to the presence of other factors (see below). Ligands can broadly for interaction with other proteins or for covalent modification. be subdivided into two groups, Delta-like and Serrate/ Jagged-like, the latter containing an extra cysteine-rich One factor that modifies Notch signaling and may interact with Notch itself is Fringe, a protein with some domain in the extracellular domain. Although experiments in C. elegans and in Drosophila indicate that difsimilarity to glycosyltransferases. Fringe alters the response of Notch to its ligands, tending to potentiate the ferent ligands (APX-1 and LAG-2; Delta and Serrate) are activating effects of Delta and impede those of Serrate will be important as will characterization of the events inside the cell. (Fleming et al., 1997; Panin et al., 1997 ; Ken Irvine, Rutgers University; Thomas Klein, University of Cambridge). Interestingly, Fringe-mediated effects are altered in cerTo Be or Notch to Be tain Abruptex mutants, suggesting that the mutant EGF A final thread that ran through the meeting is what the repeats could be a site of Fringe action (Jose de Celis, signaling does to the cell. A few years ago, the emphasis University of Cambridge). Because Fringe impedes the was on the neural/epidermal dichotomy where Notch response to Serrate, a population of cells expressing activity led to epidermal fate. The identification of Notch both proteins would only be able to signal to neighboring rearrangements in T cell leukemia (Ellisen et al., 1991 ) groups of cells and not to one another; juxtaposition of and the effects of expressing activated Notch in XenoFringe and Serrate expression could have the converse pus (Coffman et al., 1993) led to a shift in the emphasis effect. Thus, Fringe may be required in places where (Fortini and Artavanis-Tsakonas, 1993) , and to the proSerrate-like ligands and Notch are involved in creating posal that Notch signaling prevented cells from reboundaries between two territories of cells. Fringe exsponding to differentiation cues. Thus, now Notch is pression in Drosophila bordering sites such as the equaoften cited as "keeping cells undifferentiated," which is tor of the eye and the boundaries between leg segments an overrepresentation of the later model. But to what (Ken Irvine, Rutgers University), as well as in the wing extent is Notch acting as the "not" in the "to be or not to (Panin et al., 1997) , is consistent with this hypothesis be differentiating" decision? There are many examples as are many sites of expression for the three vertebrate where Notch does seem to antagonize cell fate deFringes (Lunatic, Manic, and Radical). For example, Radtermining signals, as during neurogenesis (see above), ical Fringe and Jagged-2 are both present in the apical myogenesis, and bone development (Gerry Weinmaster, ectodermal ridge, and targeted disruption of either gene UCLA) and in haemopoietic cells (Laurie Milner, Fred causes defects in digit formation (Thomas Gridley, JackHutchinson Cancer Center, Seattle; Anne Bigas, Institut son Laboratory, Bar Harbor; Thomas Vogt, Princeton de Recerca Biologia, Barcelona). In the latter, the activaUniversity) as does misexpression of Radical Fringe in tion of Notch prevents cells from differentiating in rethe chick (Juan Carlos Izpisua Belmonte, Salk Institute).
sponse to cytokines, and interestingly specific Notch Similarly, expression of Lunatic Fringe borders the somolecules seem to antagonize different types of cytomite boundaries (Thomas Gridley; Thomas Vogt; Olivier kine. As in other cases, the cells where Notch is activated Pourque, Marseille) and a knockout results in major disare not undifferentiated, but they fail to go on to the ruptions to the somites (Thomas Gridley) as do mutanext step in the differentiation pathway. tions in mNotch1 (Thomas Gridley; Jose Luis de la
The idea that Notch is antagonizing differentiative sigPompa; Amgen, Toronto). Elsewhere there are domains nals is also compatible with its effect on proliferation in of Fringe expression that do not obviously mesh with many tissues. For example, excess activation of GLP-1 the boundary model, and although progress has been leads to overproliferation of germ-line precursors in C. made in determining the places where Fringe-like moleelegans, and preliminary analysis of novel targets of cules function, it is still unclear how they alter interac-GLP-1 signaling identifies two genes involved in regulattions between Notch and its ligands. For example, does ing mitosis (Judith Kimble, University of Wisconsin). Fringe bind to Notch directly or does it modify Notch Notch activity has also be linked to proliferation in the covalently as suggested by the similarity to glycosyldevelopment of the imaginal discs in Drosophila. In extransferases? It will also be interesting to determine, as ploring this link, Spyros Artavanis-Tsakonas (Yale Unimore information about the functions of different verteversity) demonstrated that the presence of other factors, brate Notches and ligands becomes available, which such as Wingless or the nuclear protein Vestigial, greatly interactions can specifically be modulated by Fringe potentiated the extent of proliferation induced by NICD. molecules, and whether Radical, Manic, and Lunatic This and other data indicate that Notch activation is not Fringes have distinct Notch/ligand targets. a priori sufficient to promote cell division, it requires A few years ago it was proposed that Wingless, a collaboration with other factors present in the cell. member of the Wnt gene family, might also bind to Notch
Other aspects of Notch function may not be compatidirectly, acting as a ligand. Although there is no evidence ble with the "not to be" decision, such as its presence for a similar interaction in C. elegans, Wnt3a and Notch-1 in adult neurons. The link between CADASIL and Notch3 are both involved in FGF-8 induction in the chick apical (Joutel et al., 1996) has sparked interest in the adult ectodermal ridge, suggesting a close relationship befunction of Notch genes, and it was shown that Notch tween these pathways in vertebrates (Juan Carlos Izpi-1,2 and the ligand Jagged are all expressed in adult sua Belmonte, Salk Institute). Further evidence in supbrain neurons of mice and humans (Jeffrey Nye, Northport of a direct interaction between Wingless and Notch western, Chicago; Bradley Hyman, MGH, Boston). Histowas presented by Alfonso Martin-Arias (University of pathological analysis of CADASIL reveals defects in the Cambridge) who proposed a model in which Wingless small cerebral arteries (Joutel; Necker-Enfants Malades, modulates the activity of a CSL-independent Notch sigParis), so it is possible that Notch activity may be innaling pathway. The proposed binding of Wingless could volved in maintaining some kind of plasticity in these influence Notch activation by perturbing the interactions cells and possibly in adult neural cells too. Alternatively, of Notch with the DSL ligands or, more radically, it could the adult functions may be indicative of other types of evoke a response through Notch directly. As both conNotch response that maintain tissue structure or integcepts are still quite controversial, ongoing experiments to analyze the interactions between Wingless and Notch rity. To decipher the different cellular consequences of
